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Abstract: A spin-1 Z’ particle as a single dark matter candidate is investigated by as-
suming that it does not directly couple to the Higgs boson and standard model fermions
and does not mix with the photon and Z boson. The remaining dominant vertices are
quartic Z ′Z ′ZZ and Z ′Z ′W+W−, which can induce effective Z ′Z ′qq¯ couplings through
standard-model gauge-boson loops. We discuss constraints from the cosmological thermal
relic density, and direct and indirect-detection experiments, and find that a dark Z’ can
only exist above the W boson mass threshold, and the effective quartic coupling of Z ′Z ′V V
is bounded in the region of 10−3 ∼ 10−2.
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1 Introduction
After the discovery of the 125GeV Higgs boson, the standard model (SM) of particle
physics has become a complete theory; within the SM, the remaining task is the precision
measurements of various Higgs properties, in particular its couplings, and to further narrow
down the possible parameter space of new physics. Although the hierarchy and meta-stable
vacuum problems remain for the SM Higgs theoretically, for new physics beyond the SM
the absence of new physics signals at the LHC to date implies that extensions of the SM
still only need to rely on the traditional particle physics facts of non-zero neutrino masses
and baryon asymmetry. Given these circumstances, the presence of dark matter (DM) in
our Universe becomes an even more important leading empirical evidence for the existence
of new physics, because no SM particle can account for DM. Cosmology and astrophysics
tell us that almost 85% of matter in our universe is dark, i.e., neutral, non-luminous and
non-baryonic. The fact that the abundance of DM is comparable to that of ordinary visible
matter seems to imply that DM may have the same or similar origins and properties as
ordinary matter. If we accept the conclusion of quantum field theory (QFT) that all matter
should be made of particles, then an unambiguous, non-gravitational signal of DM must
appear in particle physics experiments. This has driven the particle physics community to
try harder to unravel DM’s still enigmatic properties.
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Because details of the particle properties of DM are lacking, the best investigative
strategy for theorists is to try to cover as much ground as possible. Considering that QFT
classifies particles according to their spin (even or odd half-integers), elementary particles
discovered so far all have low spins. Most DM candidates discussed so far in the literature
have been assumed to be spin-0 scalars [1–7] or spin-1/2 spinors [8, 9] (for spin-1/2 DM,
there are so many papers, here we only cite two effective field analysis papers). Whereas a
scalar DM has relatively simple structure and provides possible intimate interplay with the
125GeV Higgs, a spinor DM extends the traditional observation that matter is composed
of spin-1/2 particles. The heavy sterile neutrinos [10] and the lightest neutralino [11] in
supersymmetric models are DM candidates belonging to this type. Apart from scalar and
spinor DM, the next level of higher-spin candidate particles comprise spin-1 vectors. If we
limit ourselves to the simplest vector particle scenario in particle physics, a single extra
neutral vector particle, usually denoted by Z’, is sufficient. We shall discuss this possibility
in the present paper. A higher spin case, spin-3/2 DM, has been discussed in ref. [12].
A vector particle Z’ can be viewed as a gauge boson that mediates an extra U(1) gauge
force beyond the conventional SM strong SU(3)c force and electroweak SU(2)L ⊗ U(1)Y
forces. For as yet unknown reasons, this additional U(1) gauge symmetry is spontaneously
broken, thus yielding a massive Z’. SM plus Z’ is a minimal and well motivated generali-
sation of the SM; many new-physics models have such a Z ′ boson (for details see review
refs. [13–16]) as a necessary constituent and remnant for new-physics interactions. Before
July 4, 2012, the Higgs was the superstar of particle physics searches and a Z’ only played a
supporting role. With the discovery of the 125GeV Higgs, a Z’ now becomes one of the hot
new-physics candidate particles and the LHC is actively searching for it in various chan-
nels, with the model-dependent lower mass bound already reaching the TeV-energy region
depending on the final state it is assumed to decay into. Now, if we further take the Z’
as a DM candidate thus changing the Z’ from visible to invisible, the interactions between
the invisible Z’ and SM particles will be strongly reduced, and the corresponding search
strategies (such as direct detection, indirect detection, and collider experiment) will change
with respect to those for visible Z’. Various constraints must therefore be re-examined.
In the literature, the invisible Z’ has been intensively discussed as a messenger be-
tween the visible sector (which contains the SM particles) and a hidden sector (to which
DM belongs) [17–28]: in such a scenario, the SM particles can be either charged under the
additional gauge symmetry or not. In the event that SM particles are neutral with respect
to the extra U(1) symmetry, the interaction occurs via effective operators connecting di-
rectly Z’ to the SM sector. The simplest case is the kinetic mixing terms between the SM
hypercharge field strength and the new Abelian field strength [29]. The underlying reason
in adopting Z’ as a portal to the hidden sector stems from the traditional mediating role
of gauge bosons. In this type of DM models, there are too many unknowns concerning the
hidden sector, a situation that is not helpful in DM searches. In this paper, we consider an
alternative simple approach by ignoring the conventional messenger role of Z’, and instead
treat it as pure matter. This approach is similar to the minimal darkon model [1–6] where
SM is minimally expanded with the addition of a dark scalar (SM+D), except now we
replace the scalar darkon D with a single vector DM candidate Z’. The change from the
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traditional Z’ portal model to our present single dark Z’ approach is similar to that from
the Higgs portal model (where a scalar is taken as a messenger between the visible and
hidden sectors) [30, 31] to the darkon model. After the reduction, because of the unique
choice of DM candidate, we can ignore the uncertainties arising from the arbitrary hidden
sector in the traditional Z’ or Higgs portal models. The difference in the present approach
with respect to scalar DM is that our dark Z’ is a vector particle, which behaves not like a
scalar or Higgs boson, but very much like a Z boson of SM and will have relatively complex
interaction structure owing to its polarisation. A spin-1 dark matter candidate appears in
models with one extra dimensions [32] and has been widely studied in this context [33, 34].
Note that this is not a generic prediction of extra dimensions, as in higher then 5 dimensions
the candidate is a scalar [35–37], and a scalar is again found in models of pseudo-Goldstone
Higgs in warped space [38] and technicolor [39].
This paper is organised as follows. In section II, in terms of the model-independent
extended electroweak chiral Lagrangian and the six assumptions needed to keep Z’ dark,
we determine the necessary operators that couple our dark Z’ to SM particles. In section
III, we calculate the relic density produced from our single dark Z’, derive a constraint
on the effective coupling of the dark Z’ pair to W or Z pairs. Section IV looks at the
direct-detection constraint, where we compute the SM gauge-boson-loop-induced Z ′Z ′q¯q
vertex and discuss direct detection. Section V examines indirect-detection constraints and
includes discussions of the Pamela, AMS02, and FermiLAT experiments. In section VI,
we discuss the combined results and some other possible DM related issues. Section VII
presents a summary. Some necessary results for section II are to be found in appendix A.
2 SU(2)L ⊗U(1)Y ⊗U(1) theory and Z’ as a DM candidate
To make our investigation general, we start from a model-independent effective extended
electroweak chiral Lagrangian (EEWCL) proposed in ref. [40],
LEEWCL = L2 + L4 + · · · , (2.1)
where L2n for n = 1, 2, 3, . . . is the p2n-order of EEWCL with Z’ and all SM gauge fields,
plus four necessary Goldstone bosons described by a two-by-two unitary matrix field Uˆ .
The symmetry of the Lagrangian is SU(2)L ⊗ U(1)Y ⊗ U(1), which will be spontaneously
broken to U(1)em. The SM Higgs field and the fermion fields are not included in the
above Lagrangian: in fact, couplings to the Higgs are not required by the symmetry of the
model and, if present, would reproduce a model of Higgs portal DM. This implies that we
ignore the possible direct (or tree-order) couplings between Z’ and Higgs (a dark Z’ with
direct coupling to the Higgs has been discussed in ref. [41]) or between Z’ and SM fermions
(a dark Z’ coupling directly to SM fermions has been discussed in ref. [42]). These are
the first two assumptions we adopt for our dark Z’. These higgsphobic and fermiophobic
dark Z’ assumptions simplify our theory significantly, and we take it as the first step in our
investigation. Although at tree level we can ignore the explicit Higgs and fermion couplings,
loops can still induce effective couplings. We shall carefully discuss these loops in section IV.
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The p2-order Lagrangian L2 is [40]
L2 = −1
4
f2tr[VˆµVˆ
µ] +
1
4
β1f
2tr[T Vˆµ]tr[T Vˆ
µ] +
1
4
β2f
2tr[Vˆµ]tr[T Vˆ
µ] +
1
4
β3f
2tr[Vˆµ]tr[Vˆ
µ],
(2.2)
where T ≡ Uˆτ3Uˆ †, Vˆµ ≡ (DµUˆ)Uˆ †, and τ3 is the Pauli matrix. The covariant derivative is
DµUˆ = ∂µUˆ + igWµUˆ − iUˆ τ3
2
g′Bµ − iUˆ(g˜′Bµ + g′′Xµ)I, (2.3)
where Wµ ≡ τi2W iµ, Bµ, and Xµ are the SU(2)L, U(1)Y , and U(1) gauge fields, respectively,
and g, g′, g′′ are the corresponding coupling constants; g˜′ is a special Stueckelberg coupling.
Wµ, Bµ, and Xµ are gauge eigenstates, and the Z’ discussed in this paper is the physical
state after diagonalization. In L2, β1 and β2 are mass mixing parameters.
The p4-order Lagrangian L4 is composed of three terms [40]
L4 = LK + LB + LA, (2.4)
for which the kinetic term LK is
LK = −1
4
BµνB
µν − 1
2
tr[WµνW
µν ]− 1
4
XµνX
µν . (2.5)
The normal term LB is
LB =
1
2
α1gg
′
Bµνtr[TW
µν ] +
i
2
α2g
′
Bµνtr[T [Vˆ
µ
, Vˆ
ν ]] + iα3gtr[W
µν [Vˆ µ, Vˆ ν ]]
+α4tr[VˆµVˆν ]tr[Vˆ
µ
Vˆ
ν ] + α5tr[VˆµVˆ
µ]tr[Vˆ ν Vˆν ] + α6tr[VˆµVˆν ]tr[T Vˆ
µ]tr[T Vˆ ν ]
+α7tr[VˆµVˆ
µ]tr[T Vˆν ]tr[T Vˆ
ν ] +
1
4
α8g
2tr[TWµν ]tr[TW
µν ] +
i
2
α9gtr[TW
µν ]tr[T [Vˆµ, Vˆν ]]
+
1
2
α10tr[T Vˆ
µ]tr[T Vˆ ν ]tr[T Vˆµ]tr[T Vˆν ] + α11gǫ
µνρλtr[T Vˆµ]tr[VˆνWρλ]
+α12gtr[T Vˆ
µ]tr[Vˆ νWµν ] + α13gg
′
ǫ
µνρλ
Bµνtr[TWρλ] + α14g
2
ǫ
µνρλtr[TWµν ]tr[TWρλ]
+α15tr[Vˆµ]tr[T Vˆ
µ]tr[T Vˆν ]tr[T Vˆ
ν ] + α16tr[Vˆµ]tr[T Vˆ
µ]tr[Vˆν Vˆ
ν ] + α17tr[Vˆµ]tr[T Vˆν ]tr[Vˆ
µ
Vˆ
ν ]
+α18tr[Vˆµ]tr[Vˆν ]tr[T Vˆ
µ]tr[T Vˆ ν ] + α19tr[Vˆµ]tr[Vˆν ]tr[Vˆ
µ
Vˆ
ν ] + α20tr[Vˆµ]tr[Vˆ
µ]tr[T Vˆν ]tr[T Vˆ
ν ]
+α21tr[Vˆµ]tr[Vˆ
µ]tr[Vˆν Vˆ
ν ] + α22tr[Vˆµ]tr[Vˆ
µ]tr[Vˆν ]tr[T Vˆ
ν ] + α23tr[Vˆµ]tr[Vˆν ]tr[Vˆ
µ]tr[Vˆ ν ]
+gg′′α24Xµνtr[TW
µν ] + g′g′′α25BµνX
µν + α26ǫ
µνρλtr[Vˆµ]tr[T Vˆν ]tr[T [Vˆρ, Vˆλ]]
+ig′α27ǫ
µνρλtr[Vˆµ]tr[T Vˆν ]Bρλ + igα28ǫ
µνρλtr[Vˆµ]tr[T Vˆν ]tr[TWρλ]
+gα29ǫ
µνρλtr[Vˆµ]tr[VˆνWρλ] + ig
′′
α30ǫ
µνρλ
Xµνtr[T [Vˆρ, Vˆλ]] + ig
′′
α31Xµνtr[T [Vˆ
µ
, Vˆ
ν ]]
+g′′α32ǫ
µνρλtr[Vˆµ]tr[T Vˆν ]Xρλ + α33tr[Vˆµ]tr[T Vˆν ]tr[T [Vˆ
µ
, Vˆ
ν ]] + g′g′′α34ǫ
µνρλ
BµνXρλ
+gg′′α35ǫ
µνρλ
Xµνtr[TWρλ] + ig
′
α36tr[Vˆµ]tr[T Vˆν ]B
µν + igα37tr[Vˆµ]tr[T Vˆν ]tr[TW
µν ]
+gα38tr[Vˆ
µ]tr[Vˆ νWµν ] + g
′′
α39tr[Vˆµ]tr[T Vˆν ]X
µν + igα40tr[Vˆ
µ]tr[T Vˆ νWµν ] (2.6)
among which α1, α8, α24, α25 are kinetic mixing parameters; α12 ∼ α14, α30, α33 ∼ α40 are
associated with CP-violation terms. The anomalous term LA is
LA = α42g2ǫµνρλtr[WµνWρλ] + α43g′2ǫµνρλBµνBρλ + g′′2α44ǫµνρλXµνXρλ (2.7)
With the exception of the kinetic term LK in L4, the αi (i = 1, · · · , 14) correspond to
terms appearing in the conventional electroweak chiral Lagrangian (EWCL) [43] without
Z’, αj (j = 15, · · · , 44) correspond to terms in the EEWCL involving Z’. In the rest of the
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paper, we shall ignore the CP-violation terms and the anomaly terms. This constitutes our
third and fourth assumptions. Our fifth assumption is to forbid possible mixing between
the Z’ and the electroweak bosons γ, Z in order to keep the Z’ dark. This implies that the
gauge eigenstate Xµ can be identified with the physical state Z
′
µ. No mass mixing requires
β2 = 0, and no kinetic mixing leads to α24 = α25 = 0. Furthermore, we need to set to
zero the Stueckelberg coupling g˜′ = 0. At this point it is important to stress that there are
mixing parameters which do not involve the Z’: β1 is a mass mixing term among SM gauge
bosons, thus it will induce a correction to the ρ parameter (T parameter), while α1 and α8
induce kinetic mixings, thus generating a contribution to the S parameter. The remaining
β3 generates a contribution to the mass of the Z’, which is given by
MZ′ = g
′′f
√
1− 2β3. (2.8)
With the above five assumptions, the p4-order EEWCL (2.4) in the unitary gauge gives
the following Lagrangian up to quartic couplings:
L = −1
4
VµνV
µν − 1
2
W+µνW
−µν + iCV−+VµνW
+µW−ν + iC+V−(W
+
µνW
−µV ν −W−µνW+µV ν)
+iCV1V2V3V
µν
1 V2µV3ν +D++−−W
+
µ W
+µW−ν W
−ν +D+−+−W
+
µ W
−µW−ν W
+ν
+D+−V1V2W
+
µ W
−µV1νV2
ν +D+V1−V2W
+
µ V
µ
1 W
−
ν V
ν
2 +DV1V2V3V4V1µV
µ
2 V3νV
ν
4 . (2.9)
Here Vi denotes the neutral gauge bosons Z, γ, and Z
′, and the various C and D coefficients
in terms of the αi and βi coefficients are given in appendix A. Note that, with our fifth
assumption of no mass mixing, CV1V2V3 vanishes.
In order to keep the Z’ stable, we need to impose the vanishing of vertices that are
linear in the Z’ field; this constitutes our sixth assumption. For the triple couplings CZ′−+
and C+Z′− to vanish, we need to set α31 = 0; there is then no triple coupling involving
Z ′ (note that without the triple coupling CZ′V V with V = γ, Z,W
±, the longitudinal W
and Z scattering will not involve Z ′ at tree level and that imposes no unitarity constraint
on the Z’ couplings). Left with four Z’-independent triple couplings, one C+γ− has fixed
coefficients, which only depend on SM couplings, whereas the other three Cγ−+, CZ−+,
and C+Z− are free, corresponding to independent coefficients α2, α3, and α9. For quartic
couplings, D+−ZZ′ = 0 leads to α16 = 0, D+Z−Z′ = D+Z′−Z = 0 leads to α17 = 0, and
DZ′ZZZ = −g3Zg′′(2α15+α16+α17) = 0 further leads to α15 = 0. (Note that if the Stueckel-
berg coupling g˜′ does not vanish, it will also generate nonzero D+−ZZ′ , D+Z−Z′ , D+−AZ′ ,
D+A−Z′ .) We are finally left with 16 nonzero quartic couplings. Among them, D+−γγ
and D+γ−γ also have fixed coefficients and are not free. The other four D+−γZ , D+γ−Z
and D+Z−γ = D+γ−Z only rely on α3 and then are related to the triple vertex. The re-
maining 11 nonzero quartic couplings D++−−, D+−+−, D+−ZZ , D+−Z′Z′ , D+Z−Z , D+Z′−Z′ ,
DZZZZ , DZ′Z′ZZ , DZ′ZZ′Z , DZ′Z′Z′Z , DZ′Z′Z′Z′ are free, corresponding to the 11 indepen-
dent coefficients α4 to α7, α10, and α18 to α23. In table I, we list details of all the triple
and quartic couplings.
Given the six assumptions stated above:
(i) no direct coupling to the Higgs;
(ii) no direct coupling to fermions;
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couplings exist in SM (modified by) independent control by vanishing condition
Cγ−+ yes (α2,3,9) - - -
CZ−+ yes (α2,3,9) - - -
CZ′−+ no yes α31 & g˜
′ α31 = g˜
′ = 0
C+γ− yes (not modified) - - -
C+Z− yes (α3) - - -
C+Z′− no - g˜
′ g˜′ = 0
CV1V2V3 no - - always
D++−− yes (α3,4,9) - - -
D+−+− yes (α3,4,5,9) - - -
D+−γγ yes (not modified) - - -
D+−ZZ yes (α3,5,7) - - -
D+−Z′Z′ no yes α21 -
D+−γZ yes (α3) - - -
D+−γZ′ no - g˜
′ g˜′ = 0
D+−ZZ′ no yes α16 & g˜
′ α16 = g˜
′ = 0
D+γ−γ yes (not modified) - - -
D+Z−Z yes (α3,4,6) - - -
D+Z′−Z′ no yes α19 -
D+γ−Z yes (α3) - - -
D+γ−Z′ =D+Z′−γ no - g˜
′ g˜′ = 0
D+Z−γ=D+γ−Z yes - - -
D+Z−Z′ =D+Z′−Z no yes α17 & g˜
′ α17 = g˜
′ = 0
DZZZZ no yes α10 -
DZ′ZZZ no yes α15 2α15+α16+α17=0
DZ′Z′ZZ no yes α20 -
DZ′ZZ′Z no yes α18 -
DZ′Z′Z′Z no yes α22 α22 = 0
DZ′Z′Z′Z′ no yes α23 -
Table 1. List of triple and quartic couplings.
(iii) no CP violating terms in the EEWCL;
(iv) no anomalous terms in the EEWCL;
(v) no kinetic nor mass mixing terms;
(vi) no single Z’ couplings;
we are finally left with four Z ′-dependent quartic vertices each involving two Z ′ fields,
D+−Z′Z′ ≡ g1 = 4g2g′′2(α5 + α21) (2.10)
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D+Z′−Z′ ≡ g2 = 4g2g′′2(α4 + α19) (2.11)
DZ′Z′ZZ ≡ g3 = g2Zg
′′2(α5 + 2α7 + 4α20 + 2α21) (2.12)
DZ′ZZ′Z ≡ g4 = 4g2Zg
′′2(α4 + α6 + 2α18 + α19) (2.13)
where g2Z = g
2 + g′2. Here we limit ourselves to vertices with up to 4 particles: the
EEWCL does contain Z’ vertices with more gauge boson, however their physical effect is
subleading and we will not consider them any further. The above couplings do contribute
to electroweak precision tests at loop level: such contributions are log-divergent, and their
contribution can be absorbed in the tree-level contributions β1 and α1,8, whose values are
therefore strongly constrained. In the following we will therefore not consider bounds from
precision tests, as they do not give unique indication on the size of the quartic couplings
listed above. Up to now, we have not successfully built the detail underlying model which
satisfy above six constraints and have nonzero four point vertices of (10)-(13), we leave
this model construction to future investigations. To keep the number of free parameters to
a minimum, we shall take in our analysis a unique coupling constant g0 and consider five
different arrangements of coupling constants as follows:
• universal case: g1= g2=4g2g0, g3= 38g4= 32g2Zg0, or α4=α5=α19=α21≡ g02g′′2 , α6=
α7=α18=α19=α20= 0
• case 1: g1 = 4g2g0, g3 = 32g2Zg0, g2 = g4 = 0, or α5 = α21 ≡ g02g′′2 , α4 = α6 = α7 =
α18 = α19 = α20 = 0
• case 2: g2 = 4g2g0, g4 = 4g2Zg0, g1 = g3 = 0, or α4 = α19 ≡ g02g′′2 , α5 = α6 = α7 =
α18 = α20 = α21 = 0
• case 3: g3 = 3g2Zg0, g1 = g2 = g4 = 0, or α7 = α20 ≡ g02g′′2 , α4 = α5 = α6 = α18 =
α19 = α21 = 0
• case 4: g4 = 6g2Zg0, g1 = g2 = g3 = 0, or α6 = α18 ≡ g02g′′2 , α4 = α5 = α7 = α19 =
α20 = α21 = 0.
The strategy of taking these choices is that: first, we try to keep the SM factors ex-
plicit and then the bounds are shown on g′′2αi (where g
′′ is related to the mass of the
Z’, thus a physical connection). Second, for universal case, we try to balance all of four
vertices couplings by requiring g1 = g2 and g3 = 3g4/8. Third, for remaining four cases,
we focus on αi coefficients appeared in the original EEWCL. Considering that there are
eight couplings α4, α5, α6, α7, α18, α19, α20, α21 enter into effective four point vertices, we
take the corresponding four couplings g1, g2, g3, g4 are generated by specific operator pairs,
so it would make sense to follow the patterns suggested by each type of operator pairs, as
follows: α5, α21 generate case 1; α4, α19 generate case 2; α7, α20 generate case 3; α6, α18
generate case 4.
In the following sections, we shall mainly focus on the above five cases and derive
information on the unique coupling g0 when discussing possible constraints from various
experiments. Some possible exceptions are also discussed.
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Figure 1. Two annihilation processes of Z ′ to SM weak gauge bosons.
3 Relic density constraint of dark Z’
In the standard Cosmology picture (ΛCDM), it is assumed that the DM particles are in
thermal equilibrium with the other SM particles via various fundamental processes such
as Z ′Z ′ → P¯P where P is any SM particle. In the high-temperature Early Universe,
DM particles were kept in thermal equilibrium as long as the reaction rate, scaled by the
temperature, was faster than the expansion rate H (the Hubble parameter) of the Universe.
The Universe cooled down as it continued to expand. At temperatures around which the
reaction rate fell below the expansion rate H, the DM particles began to decouple from the
thermal bath. The DM particles will continue to annihilate into SM particles up until the
point when they no longer encounter one another. The remaining DM particles will then
become the relics that we can observe today. The two possible annihilation processes for
our dark Z’ are shown in figure 1. Their annihilation rates to SM weak gauge bosons are
σW v=
√
1− 1
r2
W
9×64πmZ′
{
[(224r4W+112r
2
W+136)g
2
1−(160r
4
W+80r
2
W+176)g1g2+(152r
4
W+128r
2
W+96)g
2
2 ]
+
[
(88r4W − 40r
2
W + 56)g
2
1 −
(
304
3
r
4
W + 32r
2
W +
32
3
)
g1g2 +
(
24r4W +
112
3
r
2
W −
4
3
)
g
2
2
]
v
2
}
(3.1)
σZ v =
√
1− 1
r2
Z
18×64πmZ′
{
[(224r4Z+112r
2
Z+136)g
2
3−(160r
4
Z+80r
2
Z+176)g3g4+(152r
4
Z+128r
2
Z+96)g
2
4 ]
+
[
(88r4Z − 40r
2
Z + 56)g
2
3 −
(
304
3
r
4
Z + 32r
2
Z +
32
3
g3g4 +
(
24r4Z +
112
3
r
2
Z −
4
3
)
g
2
4
]
v
2
}
, (3.2)
in which rW = mZ′/mW and rZ = mZ′/mZ , and v is the relative velocity of the colliding DM
particles. In above result, due to the non-relativistic characteristics of our dark Z’, we have
taken expansion in terms of powers of v up to the order of v2. Note that for these annihila-
tions to arise, the mass of Z’ should be heavier than the mass of the SM weak gauge bosons.
If the Z’ mass is lighter than the SM weak boson mass, we instead use the loop-induced
effective Z ′Z ′qq¯ vertices given in the next section. The corresponding annihilation rate is
σ v=
v2
6
[
1
6π
∑
f
(
KV,f√
2
)2
cf
√
1−
m2f
M2Z′
M2Z′
(
2+
m2f
M2Z′
)
+
1
3π
∑
f
(
KV A,f√
2
)2
cf
(
1− m
2
f
M2Z′
)3/2
M2Z′
]
,
(3.3)
whereKV,f andKV A,f are the effective couplings introduced in the next section in eq. (4.1),
and cf is the color index, which is 1 for leptons and 3 for quarks.
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The relic density is calculated by solving the Boltzmann equation in the standard
approximation procedure [44],
ΩWIMPh
2 =
1.07× 109
mpl
xFGeV
−1
√
g∗S
1
a+ 3b/xF
, (3.4)
where h is the scaled Hubble constant, xF = mZ′/TF with TF the freezing temperature,
mpl = 1.22×1019GeV , g∗S the total number of effectively relativistic degrees of freedom at
freeze-out temperature, and a and b are parameters in the expansion σv = a+ bv2+O(v4).
The freeze-out temperature parameter xF can be evaluated by numerically solving the
following equation:
xF = ln
[
c(c+ 2)
√
45
8
gmZ′mpl(a+ 6b/xF )
2π3
√
g∗Sx
1/2
F
]
, (3.5)
where g = 3 is the number of degrees of freedom for the Z ′ DM, and c is a numerical
constant usually taken equal to 1/2. With DM mass ranging from GeV to TeV, xF ≈ 25
and remains essentially constant. In our numerical analysis, we demand that the resulting
relic density be less than the measured value from PLANCK ΩWIMPh
2 = 0.1199±0.0027 at
68%CL [45], which leads to constraints for the effective coupling constants gi, i = 1, 2, 3, 4
and the dark Z’ mass MZ′ . The result of the five different coupling arrangements intro-
duced at the end of section II for M ′Z > 100GeV is shown in figure 2, where we have
used result (3.1) and (3.2) to perform our calculation. Note that because the ordinate is
logarithmically scaled, the diagram would be unable to show clearly the possible deviations
of several percent from the experiment, and hence are not plotted. For dark Z ′ masses
below the W mass threshold, we instead use eq. (3.3) to perform our estimation; the re-
sults are shown in figure 3. Note that in the intermediate region mW /2 < MZ′ < mW , the
three-body process Z ′Z ′ →WW ∗(ZZ∗), where one of the two gauge bosons is off-shell, is
also relevant: we expect it to smoothly interpolate between the results in figure 2 and 3.
Nevertheless, below the WW threshold, the coupling is required to be very large, and this
region is excluded by direct-detection experiments, as we will show in the next section.
4 Effective quark vertex and direct detection of dark Z’
In this section, we discuss the direct-detection constraints on dark Z’. Direct-detection
experiments are designed to measure the recoil energy of the atomic nuclei following DM
elastic scattering. DM-quark interactions will naturally induce DM-nucleon interactions,
and the latter further induce DM-nucleus interactions. Such interactions may be detected
in underground direct-detection experiments.
As our second assumption does not allow Z ′ to directly couple to SM fermions (fermio-
phobic), it can only couple indirectly to quarks through the SM gauge-boson loop depicted
in figure 4. This loop diagram leads to finite effective vector-vector and vector-axial-vector
interaction vertices [42]:
Leff = ΣqKV,q√
2
(Z ′∗ν i
←→
∂ µZ
′ν)q¯γµq +Σq
KV A,q√
2
(Z ′∗ν i
←→
∂ µZ
′ν)q¯γµγ5q. (4.1)
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 universal case
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 case 3
 case 4
0 500 1000 1500 2000
10-3
10-2
g 0
MZ'(GeV)
Figure 2. Predicted unique coupling constant g0 as a function of DM mass mZ′ ≥ 100GeV fixed
by the observed relic density. Each color of the curves represents different arrangements of coupling
constant gi. The allowed region is located above the curve.
 universal case
 case 1
 case 2
 case 3
 case 4
0 10 20 30 40 50 60 70 80
10
100
1000
g 0
MZ'(GeV)
Figure 3. Same as for figure 1 but with DM mass mZ′ ≤ 80GeV.
The finiteness of this loop-induced Z ′Z ′q¯q vertex implies that our fermiophobic assumption
is consistent by itself. Furthermore, the structure of the above result for the effective ver-
tices only generates spin-independent (SI) interaction. Hence there will be no constraint
from the cross-section of the spin-dependent interaction.
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Figure 4. Dark matter scattering from quarks through SM gauge-boson loops.
Note that the velocity of DM near the Earth is considered to be v ≈ 0.001c; for
low-energy SI interactions, only the vector interaction survives. The cross-section is then
given by
σV,Z′N =
m2Nm
2
Z′
π(mZ′ +mN )2
(
KV,N√
2
)2
, (4.2)
where
KV,p = 2KV,u +KV,d, KV,n = KV,u + 2KV,d (4.3)
KV,q√
2
=
(g1 + g2)(c
2
q + c
′2
q )
32π2m2W
+
(g3 + g4)(c
2
q + c
′2
q )
32π2m2Z
(4.4)
and cq and c
′
q for q = u, d are coefficients associated with SM couplings
cu =
ig
4 cos θW
(
1− 8
3
sin2 θW
)
, cd =
ig
4 cos θW
(
− 1 + 4
3
sin2 θW
)
,
c′u =
ig
4 cos θW
, c′d = −
ig
4 cos θW
. (4.5)
The curves for the predicted cross-section σ vs mZ′ with different coefficient settings
are shown in figure 5. The upper bounds set by the XENON100 2012 data [46], the latest
LUX result [47] and SuperCDMS result [48] are also plotted in figure 5.
We next discuss some of these results:
- Because the unique coupling g0 is constrained to order 10
−2 in the typical few tens
to few hundreds GeV region (see figure 5), it is natural to ask if we go beyond the
limitations set for the five arrangements and consider arbitrary gi couplings; is there
a possibility to enhance the value of the coupling? To examine this issue, note that
eq. (4.4) gives KV,q, which then determines the final cross-section σ; it depends on
g1+ g2 and g3+ g4. If we take g1 ≈ −g2 = 4g2g0, g3 ≈ −g4 = 4g2Zg0, then we achieve
an arbitrary small KV,q and subsequently an arbitrary small scattering cross-section.
For example, g2 = −0.9g1, g4 = −0.9g3, and g1 = g3 leads to KV,q ∝ 0.1g1, which
is already smaller by an order of magnitude than the five cases already derived in
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10 100 1000
10-46
10-45
10-44
10-43
10-42
10-41
(c
m
2 )
MZ'(GeV)
 Xenon100
 LUX
 superCDMS
 g0=0.5
 g0=0.1 
 g0=0.02 
 case 1
 case 2
 case 3
 case 4
Figure 5. Predicted spin-independent WIMP-proton cross-sections for dark Z’. The solid line is
for the universal case, dashed line for case 1, dotted line for case 2, short dotted line for case 3, and
dash-dotted line for case 4. For each case, the black lines correspond to g0 = 0.5, magenta lines
to g0 = 0.1, and orange lines to g0 = 0.02. Also, the upper bounds set by XENON100, LUX and
SuperCDMS are marked in blue, red and purple respectively.
figure 5. Hence σ ∝ 0.01g1 is less than those used in figure 5 by two orders of magni-
tudes and is equivalent to enhancing the constraint for g0 by two order of magnitudes;
i.e., it relaxes the constraint for g0 from 10
−2 to 100, because experimentally we must
fix the cross-section. Therefore, we do have flexibility in the couplings in relaxing the
constraints on g0 (or αi) from direct detection. In the next section, we shall see for in-
direct detection that this scenario does not arise as there exists no such coupling space.
- As we have introduced in our theory the one-loop-induced Z ′Z ′q¯q vertex (4.1), one
may inquire of the role of the one-loop-induced Z ′Z ′h vertex depicted in figure 6. One
can easily check that this loop diagram is logarithmically divergent. This implies that
our first higgsphobic assumption, introduced in sectionII, by which we ignore the di-
rect coupling between Z’ and Higgs is not consistence by itself. To cancel such a
divergence, we have to introduce into the theory the tree-level vertex, Z ′Z ′h, which
violates our higgsphobic assumption. Furthermore, once we have such a Z ′Z ′h vertex,
no matter whether it is a tree-level one added to the theory by hand or a loop-induced
one, it can further decay via the Higgs-mediated s-channel (figure 7) into a fermion
pair, which then leads to further corrections to the effective Z ′Z ′q¯q vertex given by
eq. (4.1). The reason that we do not consider this correction is as follows: suppose
we abandon our first assumption by introducing the tree-level Z ′Z ′h vertex into our
theory. The Z ′Z ′h vertex then includes two contributions: one is a tree-level term,
and the other a loop term (figure 6). After renormalisation, i.e., cancelling the loop-
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Figure 6. Dark matter annihilating into Higgs through SM gauge boson loops.
Figure 7. Dark matter annihilating to form a quark pair through the effective Z ′Z ′h vertex.
induced divergence (figure 6) by the tree-level term, the remaining finite part should
not be very much different with respect to the finite part of figure 6. This finite part
of the Z ′Z ′h vertex via the Higgs-mediated s-channel (figure 7) further leads to an
effective Z ′Z ′q¯q vertex, which is of scalar type Z
′2q¯q or pseudo-scalar type Z
′2q¯γ5q.
These vertices have different vertex structures in comparison with the vector and
axial vector vertices given by eq. (4.1). Only the scalar vertex survives and it con-
tributes to the nucleon cross-section similar to that in (4.2), but has an extra factor
proportional to m2q/m
2
Z′ ∼ 10−8 with mq the mass of the u or d quark. This factor
results from the replacement of the derivative-type vector coupling of (4.2) with the
non-derivative-type scalar coupling Z ′Z ′q¯q (see ref. [42]). It is this suppression factor
that allows us to ignore the loop-induced and tree-level Z ′Z ′h vertices. Although
our higgsphobic assumption is not consistent by itself, ignoring it only creates a very
minor correction and thus we can still approximately adhere to it.
5 Indirect detection of dark Z’
In addition to the direct DM searches at underground laboratories, indirect searches look
for DM annihilations or decay products in the atmosphere. These particles, which in-
clude neutrinos, gamma rays, positrons, and antiprotons, can be detected in cosmic-ray
experiments. In this section, we discuss three of the latest experiments.
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Figure 8. Upper bounds on the coupling constant g0 from the PAMELA p¯/p flux ratio.
5.1 PAMELA experiment
We first follow the procedure in [42] to obtain constraints for Z’ using the anti-proton to
proton flux ratio p¯/p measured by the satellite-borne experiment PAMELA [49]. The tree-
level annihilations Z ′Z ′ → ZZ,WW contribute to the generation of the p¯/p signal via the
hadronic decays of the W and Z bosons [50]. Together with the antiproton-to-proton flux
ratio data of PAMELA, we can derive constraints for each of our five cases. The result is
shown in figure 8, where the allowed region is below each curve. It should be noted that
the loop-induced vertex Z’Z’qq given by eq. (4.1) can also contribute to the generation of
the p¯/p signal. Nevertheless, our computations show that the constraint is very weak and
we shall not discuss it here.
5.2 AMSII experiment
Recently, the AMSII collaboration has announced a new measurement of the cosmic-ray
positron fraction [51]. We discuss DM annihilation in view of these measurements and
derive constraints on our dark Z’ matter mass and the universal case for coupling constant
g0. We consider the annihilation channels Z
′Z ′ −→ W+W− and Z ′Z ′ −→ ZZ as in the
discussion for the relic density in the previous section, and use the same method in [52] to
set conservative limits by requiring that the predicted positron flux remains smaller than
the measured flux over all energies. For simplicity, we assume a standard Navarro-Frenk-
White (NFW) density profile [53], i.e., J¯∆Ω ≈ 1. The result is graphed in figure 9, which
shown that it is not competitive with the PAMELA bounds.
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Figure 9. Upper bounds from AMSII cosmic-ray positron fraction spectrum.
5.3 FermiLAT experiment
Photons from DM annihilations in the centre of the galaxy provide another source of an
indirect signal. As dark Z’ cannot annihilate into photon pairs directly (we have checked
that even by including one-loop corrections, the Z ′Z ′γ vertex still vanishes), we can only
detect continuum photon signals. The differential flux of the γ-rays observed on Earth
from DM annihilation is as follows,
dΦ
dEγ
= (5.5× 10−10s−1cm−2) dN
dEγ
(〈σv〉
pb
)(
100GeV
mχ
)2
J¯∆Ω. (5.1)
Again, as in the previous subsection, we have assumed the DM distribution to follow the
NFW profile. The annihilation cross-section is
〈σv〉 ≈ a+ b〈v2〉 = a+ 2bv¯2, (5.2)
where v¯ = 270km/s. The simple analytic fit is as follows [54]
dN
dEγ
=
dN
mχdx
=
1
mχ
a0
x1.5
e−b0x, (5.3)
where x = Eγ/mχ, a0 = 0.73, and b0 = 7.76 for W/Z bosons. We consider the universal
case with g0 fixed by the relic density for different DM masses; the predicted γ-ray spectra
is shown in figure 10. From it we can see the photon energy flux is about 3 orders of
magnitude lower than the experiment data. To explain the discrepancy with the data,
we will need an enhancement of 300 to 8000. The required boost factors are obtained by
fitting the data and the result is shown in figure 11.
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Figure 10. Predicted γ-ray spectra for the annihilation of dark Z’ in the universal case and with
a NFW density profile. The FermiLAT observation data are also presented.
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Figure 11. Comparison of predicted dark Z’ signals for different masses and boost factors with
FermiLAT observation data.
Recently, γ-ray observations of 25 Milky-Way dwarf spheroidal satellite galaxies from
four years of FermiLat data was reported in [55]. We can use the constraint for the channel
Z ′Z ′ → W+W− in [55] to give upper limits to coefficients g1 and g2. The result is shown
below in figure 12.
With the above discussion of the five g0 cases, we may ask a similar question to that of
the last section: if we go beyond the five limit cases discussed above and consider arbitrary
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Figure 12. Upper limits to the dark-Z’ coupling constant g0 for the universal case, case 1, and
case 2 from FermiLAT γ-ray data.
gi couplings, is there a possibility to enhance the value of the couplings? To answer this
question, note that the contributions to cross-section for indirect detection are given by
eq. (3.1) and eq. (3.2), in which the terms proportional to v2 play very little role as v2 is
small. We can demand that the remaining terms take minimum values (which result in
the smallest indirect-detection cross-section) to fix the coupling. For mZ′ = 100GeV (the
result changes little in the range 100GeV< mZ′ <1TeV), we find two minima:
g2 ≈ 0.521g1, g3 = g4 = 0 or g1 = g2 = 0, g4 ≈ 0.5207g3. (5.4)
This result gives the same sign for g1 and g2, and for g3 and g4. This differs from the result
in the direct detection discussed in the last section, where we obtain opposite signs for g1
and g2 and for g3 and g4. Further, in plotting the constraint for these two extreme cases
(figure 13), we find that the PAMELA experiment still yields constraint g0 < 3 × 10−2.
This shows that, all in all, the constraint on the coupling is rather robust.
6 Combined result and other DM related issues
As the Z’ is the only DM particle in our theory, we can discuss its mass MZ′ and unique
coupling g0 in a g0 −MZ′ plot. For simplicity, we only discuss the universal case. Com-
bining all effective phenomenological constraints from the last three sections, we obtain
figure 14, where the shaded region is excluded by the different experiments. The allowed
region has a the left boundary at roughly MZ′ ∼ 100GeV: below this mass scale, the relic
density constraint from figure 3 already contradicts data from the XENON100 and LUX
experiments. The lower bound aboveMZ′ = 100GeV is the red curve from the relic density
(figure 2), while the upper bound is from the PAMELA p¯/p flux ratio constraint (figure 8).
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Figure 13. Upper bounds from the PAMELA experiment on the coupling constant g0 for dark Z’
in two extreme cases compared with the universal case.
 PAMELA
 superCMDS
Figure 14. Combined constraints on coupling constants g0 of dark Z’ for the universal case.
We find g0 is restricted to the region of 10
−3 ∼ 10−2. As discussed in the previous sections,
this bound is quite solid, and it does depend mildly on the configuration of couplings.
Considering the low-energy region below the threshold of the W boson mass, the relic
density from figure 3 offers a very strong constraint, which combined with the direct-
detection results kills any possibility of the existence of a dark Z’ in this low mass re-
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gion. If we simply ignore this fact, then a small dark Z’ mass is allowed in this lower
energy region. Currently, though, tensions exist among the different direct-detection ex-
periments in the low-energy region. For example, null results from CDMS Ge, XENON,
LUX and SuperCDMS challenge the CoGeNT/DAMA and latest CDMS SI results. Be-
cause different experiments use different detection materials with different numbers of
proton/neutrons, isospin-violating DM may weaken these tensions. It was demonstrated
that isospin-violating DM with fp/fn ≈-0.7 may alleviate the problem [56]. For our dark
Z’, fq is given as follows:
fq√
2
=
(g1 + g2)(c
2
q + c
′2
q )
32π2m2W
+
(g3 + g4)(c
2
q + c
′2
q )
32π2m2Z
(6.1)
fp = 2fu + fd, fn = fu + 2fd. (6.2)
One can check that
fu
fd
=
c2u + c
2
u′
c2d + c
2
d′
, (6.3)
which further leads to
fp/fn ≈ 0.93. (6.4)
Clearly, the ratio is completely unrelated to the coupling constants g1, g2, g3, and g4. Our
dark Z’ itself cannot give fp/fn < 0 (adding in Higgs boson may bring new vertices and
change the rate). Indeed, it was recently observed that the LUX [47] and SuperCDMS [48]
data are in strong contrast [57–59] with the CDMS-Si signal result [60], even for isospin-
violating DM (IVDM) where the ratio of the proton-to-neutron couplings can be maximally
“xenophobic”. Another possibility to reconcile this tension is to consider an inelastically
scattering DM model or an exothermic DM model [61]. However, to realise inelastic scat-
tering, we need at least two DM states. As our simplest dark Z’ model only has one state,
the present dark Z’ cannot produce inelastic scattering. This statement can be weakened in
models where the Z’ belongs to a triplet, i.e. it is accompanied by a W’: this can be achieved
in a chiral lagrangian with an extra SU(2) symmetry [62]. Remaining in our framework,
we obtain the result that even if we ignore the strong constraint allowing our dark Z’ to
survive into the low-energy region, it still cannot reduce the tension among those observed
possible DM signals with other null result experiments.
Finally, we need to discuss the impact of our dark Z’ model on other experiments in
particle physics. First, following our second and sixth assumptions, there are no mixing
of the Z’ with the Z and photon and no linear couplings of the Z’. This implies that there
are no tree level bounds on the Z’ couplings and mass from electroweak precision measure-
ments [63]. However, loops of the Z ′Z ′WW and Z ′Z ′ZZ couplings do generate corrections
to both T and S parameters. Such loop corrections are logarithmical divergent, and they
lead to the renormalisation of the parameters β1 and α1,8 in the EEWCL. Therefore, the
new physics effects must be encoded in the renormalised value of those parameters, and
no robust and model independent bound on the couplings of the Z’ can be extracted. Fur-
thermore, the allowed window for the coupling g0 provides enough suppression to evade
eventual bounds from the finite contribution of the loops. Another issue regards the discov-
ery potential at the LHC: as the only tree level couplings at the order we are interested in
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involve heavy gauge bosons, the only channels where the Z’ can be produced are production
in association with a gauge boson (pp→ Z ′Z ′(W,Z)) and vector boson fusion production
(pp → Z ′Z ′jj). One may therefore look for a single W/Z signal or monojet. However,
these channels suffer from large backgrounds, and we checked that the small allowed values
of the couplings (g0 ∼ 10−3–10−2) would lead to cross sections that are too small to be
detected at the LHC. We therefore conclude that the minimal model we study in this paper
is not accessible at the LHC.
7 Summary
In this paper, we have investigated a rarely discussed possibility where a Z’ boson is the
sole DM candidate.
We considered an extended chiral Lagrangian with an additional U(1) gauge symmetry,
with the following additional assumptions:
1. dark Z’ is higgsphobic, i.e., it does not directly couple to the Higgs,
2. dark Z’ is fermiophobic, i.e., it does not directly couple to SM fermions,
3. there is no CP violating Z’ couplings,
4. there is no anomalous Z’ couplings,
5. dark Z’ does not mix with γ and the Z boson, and
6. there is no Z’ interaction linear in the Z’ field.
The remaining quartic vertices, Z ′Z ′ZZ and Z ′Z ′W+W−, then dominate the Z’ physics,
which has four independent effective coupling constants g1, g2, g3, g4. We found that the
mass of this dark Z’ is not allowed below the W boson mass threshold, due to a combination
of strong constraints from the relic density and those from direct-detection experiments.
For mass MZ′ > 100GeV, from the relic density and direct and indirect-detection experi-
ments where effective Z ′Z ′qq¯ couplings are induced from SM gauge-boson loops, we produce
five different coupling scenarios that are in the region 10−3–10−2 (for the universal case, the
result is given in figure 14). This range of coupling can be relaxed beyond the five cases ana-
lyzed for direct-detection experiments, but cannot be changed for indirect-detection exper-
iments. To improve FermiLAT γ-ray spectra by our dark Z’, we require a boost factor from
300 to 8000. We checked that even if our dark Z’ mass lies within the low-energy region,
it cannot reduce tensions among the observed possible DM signals with other null-result
experiments. The bounds we extracted are therefore rather robust and model-independent.
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A List of couplings
Cγ−+ = −g
3g′
gZ
(
1
g2
+ α2 + α3 + α9
)
CZ−+ = − g
2
gZ
[1− g′2α2 + g2(α3 + α9)]
CZ′−+ = −2g2g′′α31
C+γ− = −gg
′
gZ
C+Z− = − g
2
gZ
− g2gZα3
C+Z′− = 0
CV1V2V3 = 0 (A.1)
Here, gZ ≡
√
g20 + g
2
1.
D++−− =
g2
2
+ g4
(
α3 +
α4
2
+ α9
)
D+−+− = −g
2
2
+ g4
(
− α3 + α4
2
+ α5 − α9
)
D+−γγ = −g
2g′2
g2Z
D+−ZZ = − g
4
g2Z
− 2g4α3 + g2g2Z(α5 + α7)
D+−Z′Z′ = 4g
2g′′
2
(α5 + α21)
D+−γZ = −2g
3g′
g2Z
− 2g3g′α3
D+−γZ′ = 0
D+−ZZ′ = −2g2gZg′′α16
D+γ−γ =
g2g′2
g2Z
D+Z−Z =
g4
g2Z
+ 2g4α3 + g
2g2Z(α4 + α6)
D+Z′−Z′ = 4g
2g′′
2
(α4 + α19)
D+γ−Z =
g3g′
g2Z
+ g3g′α3
D+γ−Z′ = D+Z′−γ = 0
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D+Z−γ = D+γ−Z =
g3g′
g2Z
+ g3g′α3
D+Z−Z′ = D+Z′−Z = −g2gZg′′α17
DZZZZ =
1
4
g4Z(α4 + α5 + 2α6 + 2α7 + 2α10)
DZ′ZZZ = −g3Zg′′(2α15 + α16 + α17)
DZ′Z′ZZ = g
′′2g2Z(α5 + 2α7 + 4α20 + 2α21)
DZ′ZZ′Z = 4g
′′2g2Z(α4 + α6 + 2α18 + α19)
DZ′Z′Z′Z = −4g′′3gZ(α16 + α17 + 2α22)
DZ′Z′Z′Z′ = 4g
′′4(α4 + α5 + 2α19 + 2α21 + 4α23)
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